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APPLimm OF THE SEU TO THE UEASmmiT OF 
SOLAR CELL PARAMETERS 

Victor G. Weizer and Charles N. Andrews 
NASA Lewis Research Center 
Cleveland, Ohio 44135 


ABSTRACT 


A pair of techniques are described 
which make use of the SEM to measure, respec- 
tively, the minority carrier diffusion length 
and the metallurgical Junction depth in sili- 
con solar cells. 

The former technique permits the meas- 
urement of the true bulk diffusion length 
through the application of highly doped 
field layers to the back surfaces of the 
cells being investigated. The technique 
yields an absolute value of the diffusion 
length from a knowledge of the collected 
fraction of the injected carriers and the 
cell thickness. 

It is shown that the secondary emission 
contrast observed in the 8EM on a reverse- 
biased diode can depict the location of the 
metallurgical Junction if the diode has been 
prepared with the proper beveled geometry. 

Hie SEM provides the required contrast and 
the option of high magnification, permitting 
the measurement of extremely shallow Junction 
depths, l.e. less than O.l /im. 


ttYROROS; Silicon Solar Cells, Measureaent 
Techniques, Carrier Diffusion Length, Junction 
Depth, Electron Beam Induced Current, Surface 
Field Layers, Depletion Region Edges, Beveled 
Surface, Seniconductor Devices, Phosphorous 
Diffusion, Scanning Electron Microscope. 


This paper describes two techniques that 
employ the S01 for the measurement of solar 
cell parameters vdilch have distinct advan- 
tages over other n»thods. The first is a 
technique for measuring the minority carrier 
diffusion length. This technique differs 
from previous methods in that surface recom- 
bination effects are eliminated by the appli- 
cation of highly doped surface field layers, 
permitting the measurement of the true bulk 
diffusion length. 

The second part of the paper describes a 
means of measuring shallow Junction depths. 
Here a beveled geometry is employed and it is 
shown that, under certain conditions, the sec 
ondary electron contrast observed in the SEM 
corresponds to the location of the metallur- 
gical Junction. The technique is simple to 
use and applicable to extremely shallow 
Junctions. 

MffMiQnJisngth HeaaureTCnt 
Baghgfgimd 

The net distance a minority carrier trav 
els in a semiconductor before being lost 
through recombination is called the diffusion 
length, L. Since the efficiency of a photo- 
voltaic device is very sensitive to L,1 it is 
Important to be able to measure this para- 
meter accurately. This measurement is, how- 
ever, a difficult one and, vdille many tech- 
niques have been employed, there is a serious 
lack of agreement among the valuea obtained 
by the various methods. 

Several Investigators have used a tech- 
nique in udiich the SEM is employed to gener- 
ate carriers in a diode sample.^, 3 l Is de- 
termined by measuring the short-circuit cur- 
rent, Isc< diode as the SEM beam ap- 

proaches the collecting Junction. Hie main 
difficulty with this type of technique is 
that carrier recwnblnation at the beam entry 
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•urfac9 muat be accounted for. If thla la 
not done, aince L la a bulk parameter, an 
erroneoua value of b will result. Hie prob* 
lent is moat aevere for devices such aa solar 
cells «dilch have diniensions comparable with 
L. Furthermore, surface inversion effects 
induced by the SEM beam on F'type material‘s 
make this technique extremely difficult to 
apply to P-base devices of moderate to high 
resistivity, i.e. equal to or greater than 
10 ohm-cm. Elimination of these sut>face ef* 
fects would greatly simplify the measurement 

The technique to be described here is 
an technique in tdilch surface effects 
are eliminated throu^ the use of hl^ly 
doped surface field layers. I^e application 
of such field layers not only reduces sur* 
face recombination to negligible values, but 
also prevents the occurrence of beam induced 
inversion layer effects. Hie geometry of 
silicon solar cells and their large L values 
make this an ideal technique for use with 
them. The first part of this paper will de- 
scribe the technique and compare the results 
obtained with it with those obtained using a 
penetrating radiation (X-ray) technique. 
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be a planar device with lateral dimensions 
much larger than L. The fraction of gener- 
ated carriers that is collected by the Junc- 
tion increases with increasing L and de- 
creases with increasing recombination veloc- 
ity, S, at the beam entry surface. 2 

By solving the continuity equation de- 
scribing point generation of carriers in a 
planar cell of thickness d, at a distance x 
frwn the collecting Junction, an expression 
for the collected fraction Isc/lmax is ob- 
tained: , . 

1 + (f-r*)exp(-2yi) 

LJ t jlj 

exp{-y2)+(^)exp(y2)exp(-2yi) 

where yi ■ (d-x)A., yz = -x/L, I^gx is the 
carrier generation rate times the unit 
charge, s SL/t)m is the normalized value of 
the rear surface recombination velocity, and 
1^ is the minority carrier diffusion coef- 
ficient. 

For carriers generated Just inside the 
rear surface of the cell, we can set x * d 
and obtain the family of curves shown in Fig. 
1. Using these curves we can determine L 
from the measured value of Isc« once S and 
Imax have been determined. 



L Minority carrier diffusion length. 

Igc Solar cell short-circuit current. 

8 ^irface recombination velocity, cm/sec. 
Imax Carrier generation rate times unit 
charge. 

8 tkirmalized (dimensionless) S; s> SL/bm. 
VI (d ' 
yz -xAi. 

d Solar cell thickness. 

X Distance from cell junction to carrier 

injection point. 

Minority carrier diffusion coefficient. 
Ig SOI incident beam current. 

BSF Back surface field (layer). 

6 Angle between "angle-lapped” surface 
and original solar cell face. 

DRE Depletion region edge, 
xj Depth of cell junction from front face. 
Ng Base dopant concentration (B in Si cell) 
Nq Surface concentration during diffusion 
of phosphorous into solar cell. 

D Diffusion coefficient for phosphorous, 
t Time of diffusion. 

Dq Constant of proportionality, diffusion. 

E Activation energy, diffusion of F in Si. 
k Boltzmann's constant. 

T Absolute temperat ure . <>K. 

C Natural log of (Zy^^t erf"l(Ng/No)) . 


Theory 

Let us consider the generation of car- 
riers by the SEM beam at a point inside a 
silicon solar cell. The cell is assumed to 
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Apparatus . A Japan Electron Optics Lab- 
oratory Ja!-2 SEM was used in these investi- 
gations. To permit SEM beam entry into the 
rear face of the cell, s small (I mm x 1 mm) 
window was chemically etched in the aluminum 
back contact metallization layer, exposing 
the P* silicon layer. The beam current was 
measured by means of a Faraday cup mounted on 
the specimen holder. 


IscZimax Psttrfflinatibn- Imax can be de- 
termined theoretically from the carrier pair 
production energy (3.63 eV),^ the incident 


beam energy (40 keV) , the electron backscat- 
tering coefficient ( 0 . 16) ,6 the mean frac- 


tional energy loss of the backscattered elec- 
trons (0.365),' and the incident beam current 


Ig. Using these values we have 


Imax - 9.89 X 103 Ig . 


An experimental determination of Imax 
can be made by measuring the cell short cir- 
cuit current as the SEM beam is incident on 
the front face of the cell udiere the collec- 
tion efficiency is expected to approach 10036. 
The value of Imax measured in thla way was 
found to be less than the theoretical value 
by approximately 3.596. The error in the ex- 
perimental Imax mainly to the fact 

that r. portion of the beam induced carriers 
are produced in and near the "dead" region 
formed near the surface of the cell during 
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junction diffusion.® Capriers produced with* 
in this region are lost due to the extremely 
short lifetime therein. Fortunately, a simi- 
lar "dead" region is produced near the rear 
face of the cell upon application of the 
field layer.® Thus Igc measured with the SEM 
beam incident on the rear face of the cell 
will be subject to approximately the same 
losses as those in the I^ax measurements. 
Because the ratio, Isc/lmax> taken, the 
errors will partially, if not completely, ne- 
gate one another, providing a reasonably ac- 
curate value of the collected fraction. 

Surface Recombination Velocity. In 
order to use Fig. I to determine L, we must 
know S. As can be seen from Fig. I, l8c<^Imax 
decreases rapidly as S increases. Because of 
noise considerations, the lower the value of 
S, the greater the ease and accuracy of the 
measurements. It is desirable, therefore, 
that the value of S be as low as possible. 

While it is known that the application 
of a highly doped field layer to the surface 
of a semiconductor effects a reduction in S, 
uncertainty exists as to the quantitative na- 
ture of the reduction. To determine the re- 
duction in S, the following experiment was 
performed. Special cells were fabricated 
which contained crescent shaped slots, I mm 
wide and about 1 cm in length, ground in the 
rear surfaces (Fig. 2). Cell thickness at 
the bottom of the slot was of the order of 25 
microns. After slotting and chemically pol- 
ishing the surface, the P* layer was Incor- 
porated by evaporating aluminum onto the rear 
surface and diffusing at 875°C for 60 minutes. 
After diffusion the remaining aluminum was re- 
moved from the slot and a small adjacent area 
to permit entry of the electron beaiii. 

Measurements of Isc/Imax were then 
made as a function of position as the elec- 
tron beam traversed the length of the slot. 
Results of the measurement on one of the spe- 
cially fabricated cells are shown in Fig. 3. 

The sharp drop in Isc/lmax as the beam enters 
the slot indicates a higher value of S there 
than on the flat. This is probably due to 
residual lattice damage from the slot grind- 
ing procedure. 

The scatter in the data of Fig. 3 is 
believed to be due to the presence of tena- 
cious aluminum-silicon alloy particles and 
other surface irregularities which reduce the 
magnitude of the beam current that enters the 
underlying silicon. Thus the true response 
is best described by the upper envelope of 
the data. 

The best fit of equation (1) to the da- 
ta along the slotted region is Indicated by 
the solid curve in Fig. 3. The theoretical 
fit requires a value of 0.315 for s and a 



Figure 1, Collected fraction of Injected carriers 
as a function of the ratio d/L, with s(*SL/D^) as 
a parameter. 
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value of 262 urn for L. This value of L can 
then be used with equation (1) to determine a 
on the flat, unslotted region. The results 
of Buch a calculation indicate that on the 
flat area, s * 0.012. Upon translating these 
numbers to absolute values, one finds recom- 
bination velocities of approximately 400 cm/ 
sec in the slot and 15 om/sec on the flat. 

The latter value is several orders of 
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magnitude less than the minority carrier dif* 
fusion velocity. Hiis mans that, for all 
practical purposes, the P* field layer as de> 
scribed here constitutes a perfectly reflec* 
ting barrier to minority carrier transport, 
effectively preventing recombination at the 
rear surface of the cell. 

Hlah Inlectlon Level Effects. Ho vari* 
ation was found in the ratio of collected cur- 
rent to beam current over an SEM beam current 
range from 5 x 10"12 to lO"^ amp., indicating 
that the measurements are free of high injec- 
tion level effects. 

Low-High Junrtign E£fegt8- a low-high 
junction is formed nesr the rear face of a 
cell upon the application of a highly doped 
field layer. ^ Such a junction could generate 
a current that would have to be accounted 
for. A pair of experiments were performed, 
therefore, to detect possible low-high junc- 
tion current generation. W 

The first experiment attempted to meas- 
ure the photovoltages of isolated junc- 
tions and the second sought to detect the 
presence of a low-high junction current com- 
ponent in a split-back cell geometry as shown 
in Fig. 2. In the latter experiment, Isc wo® 
measured (in the SQQ from one half of the 
cell while carriers were generated in each 
half in turn. An increased current when the 
measured side is Illuminated would be an in- 
dication of current generation at the PP*" 
junction. 

Both experiments Indicated that for 
cells with base resistivity of 10 ohm-cm or 
less, PF** current generation is not a 

concern. ^0 

Retultg and PigsgaaioB 

A comparison was made between the re- 
sults of the SEM measurements on a number of 
10 ohm-cm. solar cells with the values of L 
determined by a penetrating radiation tech- 
nique employing X-rays as carrier generators. 
:Rie details of the X*ray technique, which has 
been used at this laboratory for several 
years, are presented elsewhere .ff A compari- 
son of the results of the SEM measurements 
with X-ray-technlque values of L is shown in 
Fig, •♦. A good correlation between the re- 
sults of the two techniques is evident. 
Agreement is within a multiplicative factor, 
the SEM lengths being consistently about 1.9 
times greater than those determined by the 
X-ray method. The linearity of the relation- 
ship between the results of these two basi- 
cally different techniques indicates the es- 
sential validity of both approaches. A cali- 
bration error is indicated, however, in one 
or both methods. Because the SEM method 
yields an absolute value of L from knowledge 


of a few easily determined parameters, t^lle 
the X-ray technique depends upon assianptions 
as to the carrier generation rate, it ia like- 
ly that the diacrepaney la in the X-ray 
imethod. 

Bie performance of an experiment in the 
X-ray apparatus verified this auspicion.^h 
Measurements were nwde on a nuiriier of 10 ohm- 
cm BSF solar cells both before and after the 
removal of their field layers, tiftiile the re- 
sults obtained using the original calibration 
were inconsistent with theoretical expecta- 
tions, a recalibration of the X-rsy apparatus 
such that it agreed with the 8Q1 results re- 
moved all inconsistencies. 

n>e danger of this type of calibration- 
al error is present in most of the presently 
used L measur^nent techniques. ^2 main 

problem la the determination of the carrier 
generation rate as a function of position 
within the cell. In this sense the X-ray 
technique ia relatively strai^tforward in 
that carriers are generated uniformly through- 
out tlie cell and only the absolute rate need 
be determined. Even here, however, errors 
were found. Thus there is obvious need for a 
technique not dependent on external calibra- 
tion, but depending only on measurement of a 
few easily determined parameters, SEM 

technique described here fills this need. 

JiW9t4pn PfiBth Mgggnrenignt 
Hgphgrgund 

A junction depth measurement technique 
is described vdilch Is superior to the angle- 
lap and stain technique in that it is suitable 
for use on extremely shallow junctions. We 
should mention that the elements of this tech- 
nique already exist in the literature and It 
Is the object of this paper to put them to- 
gether in print. 

Shallow Junctions. Creation of the PN 
Junction by solid state diffusion is the most 
critical step in the produ-. . ion of a solar 
cell. The efficiency of the cell is con- 
trolled by ^oth the perfection of the result- 
ing junction and its depth beneath the sur- 
face of the cell. 

Solar radiation is very rich in the blue 
and ultra-violet wavelengths. Unfortunately 
this light is absorbed very close to the sur- 
face of the cell v^ere many of the carriers 
thus generated «re lost by recombination at 
the surface which essentially ccmtpetes with 
the Junction for carriers. Thus the closer 
the junction is to the surface, the greater 
the percentage of blue-generated carriers that 
will be collected by the junction and made 
BV8 liable to do useful work. 
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Moreover, It has been shoMi that jtfflc* 
tion perfection itself is improved if shallow 
diffusions are used. follows, there* 
fore, that shallow junctions are necessary if 
greater cell efficiencies are desired. 


Previous Depth Measurement Techniques. 
The most widely used depth measurement tech* 
nique at the present time is the angle*lap 
and stain technique. Reliance on light 
microscopy, however, limits the technique to 
depths greater than O.S>«n. Furthermore, the 
technique delineates not the metallurgical 
junction but the depletion region edge.!** 
Unless the junction depth is extracted from 
the data by some other means, errors up to 
several hundred percent are possible. Final* 
ly, the success of the staining method is 
quite technique dependent, requiring some 
"art" for its successful application. 


Another method that has been suggested 
is use of the in the electron beam in* 
duced current (EBIC) mode.^^ Here as the SEM 
beam passes over the jiuiction an EBIC maxifmtm 
occurs which delineates the junction. The 
technique has been applied to samples con* 
tainlng very deep junctions and to very short 
diffusion length samples where the response 
is highly localized around the junction. 

EBIC studies at this laboratory on long dif* 
fusion length solar cells show an interesting 
but unusual behaviour. EBIC contrast is ob* 
served which appears to be fairly well cor* 
related with the secondary emission contrast 
(to be discussed here at length) . The EBIC 
contrast mechanism, however, is undoubtedly 
much more complex and it is far from clear 
at present whether under all conditions this 
contrast is located at the junction. If so 
it would appear feasible to use the EBIC con* 
trast as a depth measurement technique. How* 
ever, further study is needed to establish 
the mechanisms operating here. 
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«ie SEM Technique 

Secondary Electron Emission Contrast. 

It is well known that a reverse biased FN 
junction, observed in the sai by secondary 
electron emission, exhibits contrast that is 
correlated with the P*slde DRE.^®»^' Biis 
section will show that, for certain cell geo* 
metries, this contrast can also indicate the 
location of the metallurgical junction Itself. 
Therefore, under the proper conditions the 
SOI contrast can provide a hi^ly accurate, 
easily used method of determining the loca- 
tion of the metallurgical PN junction, even 
for junctions as shallow as 0.1 >im. 

The Effect of Surface Geometry. A num- 
ber of investigations have been performed in 
an attempt to evaluate the effect of surface 
geometry on electrical breakdown of hi^ vol* 
tage diodes. A schematic diagram of one 
of the gecxnetrlcal configurations considered 
is shown in Fig. S. As Indicated, a beveled 
cut was made through the diode intersecting 
the junction at an angle 8. Also shown are 
the DRE associated with the junction. For a 
bevel angle of 90° the DRE remain parallel to 
the junction across the diode. Calculations 

show, however, that as 6 decreases from 
90°, the DRE in the vicinity of the beveled 
surface no longer remain parallel to the junc* 
tion plane, but bend, as shown in Fig. S. 
Furthermore, as 8 is reduced to sufficiently 
small values, the P*slde DRE and the junction 
become coincident at the beveled surface. If 
a diode with such a small bevel angle were now 
observed in the SEM under reverse bias, the 
observed contrast, which designates the inter* 
section of the P*side DRE with the surface, 
would now also indicate the position of the 
Wl junction. Thus we have a method of meas* 
uring the junction depth as long as we can 
ensure the coincidence of the DRE and the met- 
allurgical junction at the beveled surface. 

At first glance the latter condition 
seems difficult to satisfy since the critical 
bevel angle depends upon device specifica- 
tions such as the junction depth and the base 
resistivity. Fortunately It is not ne- 
cessary to repeat the laborious analysis for 
every set of diode conditions. Bakoviskil® 
showed that if the geometry of the diode is 
such that the DRE coincide with the junction 
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at the surface, then application of a bias 
voltage will have no effect on the position 
of the DRE. This behaviour is in contrast to 
that of a normally configured diode vrtiere the 
application of a reverse bias causes slmifi* 
cant expansion of the depleted region. 

We can conclude, therefore, that in a 
properly beveled sample, if the DRE is invar- 
iant with reverse liias, then the DRE and the 
junction coincide and the contrast observed 
in the SEM corresponds to the location of the 
metallurgical W) junction. 

This test was applied to a group of so- 
lar cells with shallow junctions (less than 

0.5 /im; base resistivity = 10 ohm-cm) which 
were angle lapped at 2° and viewed in the SE4. 
Negligible expansion of the depletion region 
was observed upon application of a bias. We 
can conclude, therefore, that for 10 ohm-cm, 
shallow junction solar cells, lapped at 2°, 
the DRE is effectively pinned at the metal- 
lurgical junction. Thus the observed con- 
trast indicates the location of the junction. 

Result ■ - Kiosphorous Diffusion 

For phosphorous diffusion in silicon 
the junction depth, xj, can be related to the 
base doping concentration, Ng, the phosphor- 
ous surface concentration, Nq, the diffusion 
coefficient, D, and the diffusion time, t, by 
the relation 

Xj ■ erfc’l(NB/Ho) . (2) 

The diffusion coefficient, D, is given by the 
expression 

D - Doexp(-EAT) 

where E is the activation energy for diffu- 
sion, Dq is a constant, R is Boltzmann’s con- 
stant, and T is the absolute temperature, °K. 

Since erfe”^ (Ng/^o) essentially in- 
dependent of temperature over the range of 
interest here, equation (2} can be rearranged 
taking natural logs of both sides, to give 

In(Xj) • -(EAT) + C (3) 

where C ■ ln{2/bot erfc*l(NB/No)) ■ If now 
the log of the measured junction depth is 
plotted against the reciprocal temperature 
according to equation (3) , the slope of the 
resulting plot should yield the activation 
■>nergy E, and the intercept should give the 
diffusion constant Dq. 

A series of phosphorous diffusions were 
carried out under conditions which would pro- 
duce junction depths from several microns to 
approximately O.l pm. The diffusions were 
performed by the open tube technique with 
P0C13 as the phosphorous source and nitrogen 
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as the carrier gas. 

A plot of log(xj) vs. reciprocal temper- 
ature for a number of 30 minute diffusions is 
given in Fig. 6, from which we find that 

D ■ 7.35 X lO’^e" cm2/gpe. 

This value is in agreement with the results 
obiTained by Mackintosh. 21 However, because 
the angle-lap and stain technique was used. 
Mackintosh was limited to the measurement of 
junction depths greater than 0. 5 pm. The da- 
ta presented here extend the measurement 
range another order of magnitude to depths 
less than O.l pm. 

A plot of the measured junction depth 
vs. 1 ^^ should, according to equation (2), be 
linear througn the origin with slope of 
2erfc"l (Ng/No) ■ Use of this format would per- 
mit the comparison of data taken on shallow 
junctions diffused at many temperatures and 
times. Such a plot is given in Fig. 7 where 
the solid curve depicts the expected behaviour 
according to equations (2) and (4). The shal- 
low junction data show excellent agreement 
with the predicted curve even for the shallow- 
est junction considered. 

It appears, therefore, on the basis of 
this close agreement, that the present tech- 
nique offers the advantages of simplicity and 
accuracy to the measurement of even extremely 
shallow junction depths. 

Summary 

The preceding results can be summarized 
as follows; 

1. Values of bulk solar cell diffusion 
length are obtained from a knowledge of cell 
thickness and the collected fraction of the 
injected carrier flux. Close agreement Is 
found between this technique and a penetrat- 
ing radiation technique. 

2. The technique is based on the reduc- 
tion of the cell rear surface rectxnblnatlon 
velocity by addition of highly doped field 
layers. 

3. A junction depth measurement tech- 
nique has been described which makes use of 
the secondary electron contrast in the SEM to 
delineate the metallurgical PN junction in 
angle-lapped silicon solar cells. 

4. The advantages of this technique 
are (a) Simplicity of operation, and (b) High 
resolution due to the hi^ magnification capa- 
bility of the SEM. Accurate measurement of 
junction depths of less than O.l ^ has been 
demonstrated. 
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